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Standardized ﬁeld experiments were carried out to study the performance of ﬁve rice genotypes derived
from different germplasm in terms of yield, harvest index (HI) and grain quality at eight agro-ecological
sites of the tropics and subtropics across Asia during 2001 and 2002. Considering that indica and javanica
genotypes adapt to warm climatic conditions, and japonica genotypes to cool agro-climatic conditions,
it is hypothesized that indica× japonica hybrids may combine high yields and good quality traits under
a wide range of agro-climatic conditions. Grain yield, HI, protein content and amylose content varied
considerably among genotypes and environments. Mean rice yields of genotypes ranged from 1.5 to
11 tha−1 across the eight sites; on average yields were 7.2 t ha−1 under subtropical and 2.7 t ha−1 under
tropical conditions. The much lower yields in tropical environments resulted from a low biomass as
well as a low HI. Among the genotypes, the indica× japonica hybrid showed the highest yield under
subtropical conditions, and a higher yield than the japonica genotypes and the indica× javanica hybrid
but lower than the indica genotype under tropical conditions. Phenology of genotypes varied strongly
across environments. Lowyields at tropical locationswere associatedwith a low light capturedue to short
growth duration. Post-anthesis light-use efﬁciencies and the photothermal quotient explained much of
the variation in yield. Protein content varied among genotypes depending on location and year. Variation
in amylose content of rice grains was mainly associated with genotypic differences and much less with
environmental conditions, but contents decreased with higher post-anthesis ambient temperatures. The
indica× japonica hybrid combined high yields with a favourable amylose content and showed a better
ability to adapt to cool and to warm agro-climatic conditions than the indica or japonica genotypes. Our
study showed the magnitude of yield penalties associated with growing rice genotypes in environments
to which they are not adapted. The consequences of these ﬁndings for improved adaptation of rice are
discussed.
 Socie© 2010 Royal Netherlands
. Introduction
Asia’s irrigated rice area of 73Mha produces more than 70% of
he world’s rice production [1]. About two-thirds of this area is
ocated in the tropics and the remainder in the subtropics. Although
stimates of future rice demand vary considerably [2,3], rice yields
ill have to increase as area and quality of arable landwill decrease
Abbreviations: G, genotype; Y, year; E, environment; PTQ, photothermal
uotient; LUE, light-use efﬁciency; HI, harvest index; IPAR, intercepted photosyn-
hetically active radiation; RD, total radiation; LAI, leaf area index.
∗ Corresponding author at: Jiangsu Key Laboratory for Information Agriculture,
anjing Agricultural University, Nanjing 210095, China. Tel.: +86 25 84395478.
E-mail addresses: jingq@njau.edu.cn, jingq58@yahoo.com, qi.jing@wur.nl
Q. Jing).
573-5214/$ – see front matter © 2010 Royal Netherlands Society for Agricultural Scienc
oi:10.1016/j.njas.2010.04.002ty for Agricultural Sciences. Published by Elsevier B.V. All rights reserved.
as a result of competition for land from urbanization, industrializa-
tion and conservation schemes. As the basic dietary energy supply
in Asia improves, demand for rice with superior quality proper-
ties increases. Grain quality will become even more important in
the future, when the economic situation of the very poor – many
of whom depend on rice as their staple food – improves and their
demand for higher-quality rice increases [4].
The nutritional value of rice is related to its protein content,
while its amylose content is an important indicator of cooking and
consumption quality [5]. A low amylose content increases water
absorption, volume expansion, and stickiness of cooked rice [6],
whereas a high amylose content is associatedwith hard grains after
cooking [7]. Preferences for soft and hard rice grains vary widely
across Asia. For example, a relatively low amylose content is pre-
ferred in Taiwan, rice with a low to intermediate amylose content
es. Published by Elsevier B.V. All rights reserved.
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Table 1
Rice genotypes used in the experiments.
Genotype Acronym Pedigree Characteristic
Takanari TA indica× japonica hybrid High-yielding
IR72 IR indica IRRI standard
IR65564-44-2-2 NP indica× javanica hybrid IRRI new plant type50 Q. Jing et al. / NJAS - Wageningen Jo
nKorea,whereas consumers in the Philippines prefer soft ricewith
n intermediate amylose content [8].
Yield and quality characteristics of rice are affected by environ-
ental, management and genotypic factors and their interactions
9]. A cross-regional study with a wide range of genotypes may
rovide insight into the opportunities to combine high yield and
avourable grain quality.
Yields in tropical areas are often below 5 tha−1, whereas in sub-
ropical areas they often exceed 6 tha−1 [10–12]. Comparing the
roductivity of rice in subtropical and tropical areas, Ying et al. [13]
howed that high-yielding genotypes (indica, inbredorhybrid) pro-
uced 48%more per unit area of land under subtropical than under
ropical conditions. The faster leaf growth during the vegetative
tage, leading to higher LAI, higher crop growth rates and more
iomass under subtropical vs. tropical conditions were associated
ith larger panicles (more spikelets per panicle).
Many reports point out that rice yields are affected by genotypic
raits, seasons and a genotype× environment (G×E) interaction
14–16]. Kropff et al. [17] found for irrigated rice in the tropics with
mple water and N supply that attainable yields in the wet and
ry season amounted to 6 and 10 tha−1, respectively. So seasonal
ifferences should also be taken into accountwhen evaluating crop
erformance across environments.
A quantitative analysis of the adaptation ability of different
enotypes, especially hybrid genotypes, to different climatic con-
itions may help to assess the magnitude of the G×E interaction.
his will facilitate designing new genotypes, identifying test con-
itions, and selecting for speciﬁc well-deﬁned conditions [18,19],
ncluding changes in climatic conditions [20]. Given that indica and
aponica genotypes are adapted to warm and cool agro-climatic
onditions, respectively [21,22], it is hypothesized that hybrid
enotypesmayout-perform their parental lines under awide range
f agro-climatic conditions. A quantitative assessment of the adap-
ive capacity of rice genotypes can be made in experiments that
nclude indica, japonica as well as different hybrid genotypes and
oth tropical and subtropical environments.
The objectives of this studywere: (1) to evaluate grain yield and
uality performance of ﬁve rice genotypes derived from different
ermplasmgrown in two tropical and six subtropical environments
nAsia, (2) toexamine thevariation ingrainyieldandquality caused
y G×E interactions, and (3) to explore the opportunities and con-
traints on combining high yields and favourable grain quality.
. Materials and methods
.1. Experimental locations
Two-year multi-varietal ﬁeld experiments were carried out in
outh and East Asia in the framework of the Asian Rice Network
ARICENET), according to the agro-ecological zones in Asia [1]
nd a standard protocol for experimental design, crop manage-
ent, observations,measurements andprocessingof collecteddata
23]. In 2001, the experiments included seven locations, ﬁve of
hich were in subtropical regions, i.e., Iwate (39◦21′N, 141◦13′E),
agano (35◦51′N, 138◦10′E), Shimane (35◦30′N, 132◦36′E), and
yoto (35◦01′N, 135◦45′E) in Japan, Nanjing (32◦06′N, 118◦45′E)
n China, and two in tropical regions, i.e., Chiangmai (18◦47′N,
8◦59′E) and Ubon Ratchathani (15◦20′N, 104◦52′E) in Thailand.
n 2002, the subtropical location Taoyuan (26◦16′N, 101◦02′E) in
hina was added..2. Experimental design and crop management
At each location, ﬁve genotypes were tested. The genotypes
elected for this study were derived from different germplasms:Nipponbare NI japonica Japan standard
Takenari TE japonica Japan old cultivar
indica genotype IR72, japonica genotypesNipponbare andTakenari,
indica× japonica hybrid genotype Takanari, and indica× javanica
hybrid IR65564-44-2-2 (Table 1). Based on morphological charac-
teristics, the indica, japonica and javanica genotypes are considered
three different types of rice, whereas isozyme studies showed that
javanica genotypes belong to the japonica genotypes and are des-
ignated as tropical japonicas, usually grown in tropical climates
[22,24].
All experimentswere laid out as a randomizedblockdesignwith
3 replications and an individual plot size of 20m2. At transplanting,
40kgNha−1 was applied, and 20kgNha−1 was top-dressed every
20 days until 10 days after heading so that N fertilizer supply (in
kgha−1 per day) varied from 0.94 at Nagano and Shimane to 1.05
at Chiangmai. In addition, 120kg P2O5 ha−1 and 120kg K2Oha−1
were applied as a basal dressing. Rice seedlings with 4–5 leaves,
depending on genotype, were transplanted at 2 plants per hill,
spaced 30 cm between and 15 cmwithin rows. At the tropical loca-
tions Ubon and Chiangmai, the experiments were carried out from
June to November in both years. During the growing season, the
experimental ﬁelds were continuously ﬂooded, and weeds, pests
and diseases were adequately controlled with biocides.
2.3. Observations and measurements
In this study the vegetative period was deﬁned as the time from
emergence topanicle initiation, the reproductiveperiod frompanicle
initiation to ﬂowering, and the post-anthesis period from ﬂowering
to physiological maturity. Panicle initiation was identiﬁed as the
stage at which the panicle was visible as a white feathery cone of
1.0–1.5mm in the main tiller, ﬂowering as the moment the ﬁrst
stamen became visible, and physiological maturity as the moment
when less than 10–15% of the grains were still green-coloured.
At transplanting, 20 plants per plot were sampled of each geno-
type, and at 20 days after transplanting, at panicle initiation, 2
weeks before ﬂowering, at ﬂowering, 2 weeks after ﬂowering, and
at maturity 8 hills of each genotype were harvested to measure
leaf area, and calculate leaf area index (LAI). At maturity, plants
were partitioned into leaves, stems plus leaf sheaths, and panicles.
Sampleswere dried in an oven at 80 ◦C until constantweight. Grain
yieldsweremeasured byharvesting a sample of 2m2 per plot; yield
was expressed at a moisture content of 14%. HI was calculated as
grain yield divided by total aboveground dry weight.
Grain samples for quality analyses were collected only at Iwate,
Kyoto and Nanjing in 2001, and at Iwate, Shimane, Nanjing,
Taoyuan and Chiangmai in 2002, due to logistical problems. Grain
samples were dried and ground in preparation for protein and
amylose analysis. N content was determined with micro-Kjeldahl
digestion, distillation, and titration, and converted to protein con-
tentusinga factor5.95.Amylose contentwasdeterminedaccording
to themodiﬁed assay described by Juliano et al. [25] and Juliano and
Villareal [4].Daily weather data were recorded in weather stations at each
experimental location. Data for total radiation (RD), maximum
(Tmax) and minimum (Tmin) temperature were derived from these
stations.
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.4. Data analysis
GenStat for Windows, 8th edition (http://www.vsn-intl.com/
enstat/)wasused to identify effects of genotype, location and their
nteractions on yield, HI, protein content and amylose content. The
ethod of residualmaximum likelihood (REML)was used to obtain
fﬁcient estimates of treatment effects in unbalanced designs and
nalyse incomplete data sets [26] (data of Taoyuan for 2001, and
ata of two genotypes at Ubon for 2001 were missing). Statistical
ifferences were determined using Wald statistics.
Intercepted photosynthetically active radiation (IPAR) was cal-
ulated from radiation (RD) using the following equation:
PAR = 0.5 × RD × (1 − e−k×L) (1)
here k is the light extinction coefﬁcient of rice, which was set to
.4–0.6 depending on crop development stage as used in the rice
rop growth model ORYZA2000 [27], and L the leaf area index of
he canopy, calculated by linear interpolation of measured LAI at
arious growth stages.
Light-use efﬁciency (LUE) was calculated as total aboveground
iomass divided by total IPAR.
The photothermal quotient (PTQ, the ratio of average radiation
ntensity to average temperature above a threshold base tem-
erature) has been proposed as a single indicator to capture the
ombined effect of the yield-determining factors radiation and
emperature on yields [28]. PTQ is a gross measure of light energy
vailable for photosynthesis per unit of development. Considering
hat the number of spikelets is closely related to crop growth from
anicle initiation and ﬂowering [29] and given the differences in
rop phenology at the different locations, PTQ was calculated over
period of 30 days prior to anthesis using intercepted radiation
30]:
TQ = IRD
0.5 × (Tmin + Tmax) − Tb
(2)
here IRD is intercepted global radiation, Tmin and Tmax are the
aily minimum and maximum temperatures, respectively, and Tb
s the base temperature, which for rice was set to 8 ◦C.
Thermal time was calculated by accumulating daily average
emperatures above the base temperature.
The expolinear equation from Goudriaan [31] was modiﬁed to
escribe the relationship between PTQ and grain yield.
. Results.1. Weather and phenology
Daily average radiation and minimum and maximum tem-
eratures during the three phenological phases – vegetative,
able 2
aily average incoming radiation and minimum andmaximum temperatures during the v
averaged over 2001 and 2002).
Location Radiation (MJm−2 d−1)
Vegetative Reproductive Post-anthesis
Iwate 15.7 13.3 10.6
Nagano 19.1 20.2 13.9
Kyoto 15.5 15.1 12.5
Shimane 16.0 18.7 13.0
Nanjing 15.4 14.4 14.1
Taoyuan 18.6 16.8 15.3
Chiangmai 14.9 16.0 15.9
Ubon 17.0 16.1 15.8
a Characterization of phases—Vegetative phase: from emergence to panicle initiation;
owering to maturity.of Life Sciences 57 (2010) 149–157 151
reproductive and post-anthesis – at the eight locations are listed in
Table 2. The variation in radiation among growth periods was gen-
erally smaller in the tropical than in the subtropical environments.
On average, radiation during the vegetative and reproductive
growth periods was higher at the subtropical locations, but was
highest during the post-anthesis period at the tropical locations
Chiangmai and Ubon.
Both, minimum and maximum temperatures at the subtropi-
cal locations were higher during the reproductive growth period
than during the vegetative and post-anthesis periods, whereas at
the tropical locations (wet season) temperatureswere lowerduring
the post-anthesis period than during the vegetative period. Mini-
mumandmaximumdaily temperatures during post-anthesiswere
lowest at Iwate (12.0 and21.1 ◦C, respectively), i.e., 10 ◦C lower than
at Chiangmai and Ubon.
The three phenological phases expressed as thermal time (◦C
days) for the ﬁve genotypes at eight locations are shown in Fig. 1.
The variation in the duration of growth phases among genotypes
differed across locations. At the cooler locations in Japan, the vege-
tative phase of genotype TAwas shorter (<1000 ◦C days) compared
with the other genotypes, whereas at the subtropical locations in
China, the vegetative phase of genotype TA did not differ from the
other genotypes. The japonica genotypes NI and TE had a shorter
reproductive phase at the tropical locations (Chiangmai and Ubon),
resulting in early heading at these locations. TA had a longer post-
anthesis phase than the other genotypes at the sites in Japan, and a
shorterpost-anthesisphase thangenotypesNI andTEatChiangmai.
Generally, the duration of the vegetative phasewas longer than the
reproductive and post-anthesis phases except for the tropical loca-
tionUbon,where the genotypes TA, IR andNPhad similar durations
of the vegetative and reproductive phases.
3.2. Yield variation across locations and genotypes
The effect of the G×E interaction on rice yield was statisti-
cally signiﬁcant as a consequence of growing a wide range of
genotypes across contrasting climatic environments (Table 3).
In subtropical environments the crops produced higher yields
than in tropical environments (Table 4). Under subtropical condi-
tions, the indica× japonica hybrid TA produced the highest (almost
11 t ha−1) and the indica× javanica hybrid NP the lowest yield
(about 3.0 t ha−1). Under tropical conditions, the indica genotype
IR72 had the highest yield (3.8 t ha−1), whereas the japonica geno-
types NI and TE had the lowest yield (about 1.5 t ha−1). Details are
presented in Table 4 and Fig. 2A.
Grain yields were consistently low at Iwate and, especially at
Chiangmai and Ubon (tropical climate), i.e., on average 4.8, 3.8 and
1.5 t ha−1, respectively (Table 4). Yields of the genotypes TA, IR and
TE were highest (on average: 10.9, 10.6 and 10.4 t ha−1, respec-
egetative, reproductive, and post-anthesis phasesa of rice at eight locations in Asia
Temperature (◦C)
Vegetative Reproductive Post-anthesis
Min Max Min Max Min Max
14.7 23.1 19.3 26.9 12.0 21.1
14.5 25.9 19.3 29.0 16.3 27.9
18.0 27.8 23.2 32.2 20.8 29.4
16.6 25.5 23.7 31.8 19.7 27.6
22.9 31.4 24.0 31.5 20.4 29.2
21.0 29.4 21.6 29.5 19.4 29.0
23.7 32.5 22.7 32.4 19.8 30.7
24.7 32.4 24.6 31.9 23.9 31.5
Reproductive phase: from panicle initiation to ﬂowering; Post-anthesis phase: from
152 Q. Jing et al. / NJAS - Wageningen Journal of Life Sciences 57 (2010) 149–157
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o panicle initiation; reproductive phase: from panicle initiation to ﬂowering; and pively) at Taoyuan (subtropical climate), whereas the genotypes TA
10.0 t ha−1) and IR (9.1 t ha−1) scored second at Kyoto (Fig. 2A). No
rain yields were obtained for the japonica genotypes NI and TE at
bon in 2001 due to their very early heading. The factor ‘environ-
able 3
ontribution to total variation of yield, harvest index (HI), protein and amylose con-
ent of ﬁve rice genotypes across locations, by environment, genotype and their
nteraction. Results of analysis of variance (ANOVA).
Source a Yield HI Protein content Amylose content
Environment (E) 0.721** 0.427** 0.073* 0.252**
Genotype (G) 0.083** 0.140** 0.122** 0.676**
G×E 0.090** 0.085* 0.264** 0.043**
Residual 0.106 0.348 0.541 0.029
Total 1.000 1.000 1.000 1.000
tatistical signiﬁcance. *p≤0.05; **p≤0.01.
a The contribution of the source is calculated as sum of square (SS) of each source
ivided by total SS.erimental sites inAsia, expressed as thermal time.Vegetative phase: fromemergence
thesis phase: from ﬂowering to maturity.
ment’ accounted for 72% of the yield variation (sum of squares),
genotype for 8%, and their interaction for 9% (Table 3).
3.3. Harvest index
The average harvest index (HI) varied signiﬁcantly among loca-
tions (Fig. 2B), from the lowest value at Ubon to the highest at
Nanjing, illustrating the effect of growth conditions on HI. On
average, HI varied from 0.20 to 0.50gg−1 across locations, with
a large variation within sites due to genotypic differences. The
effects of location and genotype and their interactions were statis-
tically signiﬁcant (Table 3). A good yield performance was strongly
reﬂected in a high HI; genotype TA showed a much higher HI
than other genotypes in most environments. Variations in HI were
strongly associated with post-anthesis temperatures among loca-
tions (r2 =0.66), whereas differences among genotypes showed a
weaker association (r2 =0.22).
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Table 4
Rice yields (kgha−1) of ﬁve genotypes at different locations in Asia (averages for 2001 and 2002).
Location Genotypea Average SE (df =7)b
TA IR NP NI TE
Subtropics
Iwate 6593 3902 2957 5360 5308 4824 249
Nagano 9093 6164 5850 7679 7558 7269 276
Kyoto 10009 9145 7159 6769 6758 7968 251
Shimane 9097 8580 6868 7257 7134 7787 263
Nanjing 8527 6906 5310 6500 6878 6824 256
Taoyuan 10928 10618 9301 9749 10432 9920 308
Average 8875 7244 5933 6964 7041 7211 279
Tropics
Chiangmai 4564 5456 5029 1939 1978 3793 247
Ubon 1646 2184 966 1448 1499 1505 266
Average 3105 3820 2997 1795 1766 2697 279
3
i
F
t
l
d
tSE (df =4)b 202 200 200
a See Table 1 for explanation of acronyms.
b SE: standard error of the mean; df: degrees of freedom..4. Growth conditions and grain setting
Biomass accumulation during the pre-ﬂowering period is an
mportant yield determining factor. A higher net photosynthesis
ig. 2. Grain yield (A) and harvest index (B) for eight environments and ﬁve geno-
ypes grown in 2001 (closed symbols) and 2002 (open symbols). Solid lines are 1:1
ines; dotted lines indicate the lower and upper boundaries of values. Bars are stan-
ard errors. The numbers 01 and 02 following location names refer to the year of
he experiment.204 204 201 255
per unit of thermal timewill result in a greater availability of assim-
ilates for the developing inﬂorescences and as a consequence in
more spikelets and grains per unit area of land. Hence, the sink
capacity increases, resulting in ahigher yieldpotential. To showthis
relationship, an expolinear curvewas ﬁtted to the relation between
grain yield and PTQ during the period 0–30 days before anthesis
(Fig. 3). Yield per unit area of land did not increase linearly until
PTQ exceeded a value of about 0.48MJm−2 d−1 per ◦C, indicating
that thepositive effect of pre-ﬂoweringPTQwaspresent only above
this threshold value.
3.5. Light capture and light-use efﬁciency
Light capture was higher before than after ﬂowering for all
genotypes and it was lowest for genotype NI before as well as
after ﬂowering (Fig. 4). On average, the capability of light capture
decreased at tropical locations, where intercepted PAR is only half
of that at subtropical locations.
Light-use efﬁciency (LUE) was higher before than after ﬂow-
ering, and differed strongly across locations (Fig. 4). The LUE of
crops at Taoyuan was highest after ﬂowering whereas at Ubon it
was lowest. LUE before ﬂowering varied slightly around 2.5 g MJ−1
among genotypes (Fig. 4), whereas after ﬂowering genotype NI had
a somewhathigher LUE (1.5 gMJ−1) thanothergenotypes (1.0–1.2 g
MJ−1).
Fig. 3. Relationship between yield and photothermal quotient (PTQ) during the
period 30 days prior to anthesis for eight agro-ecological environments.
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.6. Protein content
The grain protein content across environments varied from 7%
o 8.5% (Fig. 5A), with on general the highest contents for the
ndica× japonica hybrid TA and the lowest for the indica× javanica
ybridNP. Protein content across environments variedmost for the
ndica and japonica genotypes, contributing to a much higher G×E
nteraction effect than other sources of variation (Table 3).
The statistical analysis showed that year×genotype (Y×G)
nteraction effects on protein content were statistically signiﬁcant.
or example, the variation in protein content of genotypes at the
anjing site was larger in 2001 than in 2002. Regression analy-
is showed that protein content was not positively or negatively
orrelated with yield, indicating that under the prevailing growing
onditions there was ample N supply and therefore no N dilution
ccurred at higher yield levels.
.7. Amylose content
Average amylose content varied from8% to16%among locations
nd from 5% to 22% among genotypes (Fig. 5B). These differences
ere statistically signiﬁcant (Table 3). The variation in amylose
ontent ismainly explained by genotype (68%) and less by environ-
ent (25%). The highest amylose content was found for genotype
R at Iwate (23%) and the lowest for genotype TA (5%) at Chiangmai.
mylose content of the japonica genotypes and hybrids increased
inearly and signiﬁcantly with decreasing daily average tempera-
ures post-anthesis (Fig. 6), but the amylose content of the indica
enotype IR was less sensitive to post-anthesis temperatures.
. Discussion.1. Genetic adaptation for yield responses to environment
About 72% of yield variation was explained by environment
nd 8% by genotype. The relative contribution of these factors toE) before and after ﬂowering for the different genotypes and locations. See Table 1
yield variation may be different for other combinations of geno-
type and environment [14–16], but environmental factors remain
the most important for explaining yield differences of rice grown
in tropical and subtropical areas [11,13]. Indica genotypes usu-
ally produce higher yields in the tropics than japonica genotypes,
whereas under cooler conditions, such as at Iwate (Japan), japonica
genotypes perform better due to morphological and physiologi-
cal adaptation [21,22]. The observed yield variations illustrate that
poor adaptation of japonica genotypes to tropical environments
resulted in high yield losses in this study (Fig. 7A). The same applies
to indicagenotypes that arepoorly adapted to cool subtropical envi-
ronments. However, the indica× japonica hybrid showed a yield
gain in subtropical environments (Fig. 7B and Table 4), whereas
in tropical environments this hybrid did not attain such a yield
gain but showed a much better adaptation than the japonica geno-
types. The indica× javanica hybrid performed far worse than the
indica genotype in cool subtropical environments. The reason may
be that javanica genotypes are adapted to tropical environments
[22,24]. Maybe the wider adaptation of hybrid genotypes to dif-
ferent climatic conditions can only be expected from germplasm
with contrasting morphological and physiological traits such as in
genotype TA.
The observed variations in phenology expressed as accumu-
lated thermal time are associated with the ability of genotypes to
adapt to different temperature regimes. Poor adaptation may lead
to an unfavourable development, resulting in yield loss, such as
occurred at Ubon in 2001 with the japonica genotypes NI and TE
due to very early heading. The very low yield at Ubon is consis-
tent with reported values [32,33]. Cooper et al. [34] reported that a
major factor contributing to Y×G×E interactions for grain yield in
North-East Thailand was the variation in days-to-ﬂower. Yoshida
et al. [35] reported low numbers of spikelets per unit area of land
for most genotypes grown at Ubon, which may indicate a higher
sterility due to heat.
Our data show that the thermal time for the same cultivar varied
among different environments, and similar results were observed
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Fig. 5. Grain protein (A) and amylose (B) contents for genotypes and environments,
o
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(f ﬁve rice cultivars grown at eight locations in 2001 (closed symbols) and 2002
open symbols). Solid lines are 1:1 lines; dotted lines indicate the lower and upper
oundaries of values. Bars are standard errors. The numbers 01 and 02 following
ocation names refer to the year of the experiment.
n other studies [36,37]. Yin et al. [38] re-analysed the reported data
nd concluded that the nonlinear relation between development
ate and temperature, and the effect of the temperature amplitude
ay explain large part of the variation among environments.
IPAR at the tropical locations Chiangmai and Ubon was low,esulting from a poor canopy development and low LAI. The higher
UE during pre-ﬂowering than during post-ﬂowering found in our
tudy was consistent with the results of Campbell et al. [39]. The
igh LUE during the post-ﬂowering period at Taoyuanwas strongly
ssociated with high yields, whereas the low LUE combined with a
ig. 7. Observedyields of the indica, japonica, indica× japonica and indica× javanica genoty
location Iwate) environments.Fig. 6. Relationship between daily average temperature during the post-anthesis
period and amylose content (%) for ﬁve rice genotypes at different locations in Asia.
See Table 1 for explanation of genotype acronyms.
low light capture at Ubon resulted in the lowest yield. The LUE of
2.76g MJ−1 (over the entire growing season) at Taoyuan is com-
parable with values reported by Sinclair and Muchow [40] for
high-yielding rice.
PTQ integrates the effects of the yield-determining factors solar
radiation and temperature on yields [28]. The expolinear rela-
tionship between grain yield and pre-anthesis PTQ indicates a
threshold of 0.48MJm−2 d−1 per ◦C, which may be associated with
a critical carbohydrate availability to develop spikelets found in
sorghum [41]. Generally, grain yield increases linearly with PTQ
[28,30], but in our study the relationshipwas analysed over awider
range of agro-climatic conditions allowing to identify a threshold
value.
In addition to temperature and radiation, yield variation may
also be associated with differences in yield-limiting factors as
determined by nutrient supply, water availability and soil char-
acteristics [42]. Especially indigenous soil-N supply strongly varies
across Asian agro-ecosystems [11]. The effect of indigenous soil-
N supply on yield decreases with higher N-fertilizer applications
[43]. In the experiments, average N-fertilizer supply was about
1kgNha−1 day−1, which might have reduced the effect of differ-
ences in indigenous soil-N supply on crop yields among locations
(0.4–0.8 kgNha−1 day−1 according to Dobermann et al. [11]). How-
ever, the N uptake of crops peaks during the period of canopy
development and may exceed 3kgNha−1 day−1 [44]. Therefore,
differences in N availability between locations cannot be com-
pletely ruled out despite the standardized management practices.
The rather low yield at Ubon may also be caused by low soil fertil-
pes in tropical (averages for the locationsUbonandChiangmai) and cool subtropical
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ty due to poor soil structure, and low pH [45,46]. The inﬂuence of
ifferent soil characteristics on yieldmay be further explored using
imulation models.
.2. Grain quality
The quality of rice grains depends on consumer preferences and
he intendedend-useof thegrain. Protein content showedsmall but
tatistically signiﬁcant differences among the genotypes (7–8.5%)
nd environments (6.2–8.7%); the observed protein contents were
ithin the 4–14% range commonly found in Asian rice genotypes
4].
Amylose content of rice grain – the soluble component of
tarch – is especially important for its cooking behaviour and thus
irectly related to the preference of consumers [5]. Juliano [7]
ndicated that amylose content is lower at higher temperatures
uring post-anthesis. Umemoto et al. [47] reported higher amy-
ose contents with lower temperatures during the post-anthesis
hase due to higher activity of the granule-bound starch synthase
n the endosperm. In our study, the lowest post-anthesis temper-
tures at Iwate and highest at Chiangmai may lead to the highest
mylose content at Iwate and the lowest at Chiangmai. Overall,
mylose content of all genotypes was linearly and inversely cor-
elated with temperature during the post-anthesis period (Fig. 6).
he close relationship between amylose content and temperature
uring post-anthesis, in addition to the genotypic amylose traits,
uggests that amylose content of the rice grain can be predicted
ith reasonable accuracy.
.3. Options for combining high grain yield and favourable grain
uality
Theproteincontentof rice ismainlyaffectedbyNsupply [48,49].
itrogen availability increases yield and protein content [48,50];
hus N-management strategies are key to attaining high yields
nd a high grain protein content simultaneously. Without having
ptimized Nmanagement in the experiments, the indica× japonica
ybridTAatTaoyuancombined thehighestoverall yieldwithoneof
he highest observed protein contents among the tested genotypes
nd locations (Figs. 2A and 5A).
The amylose content of genotype TA differed almost a fac-
or three between tropical Chiangmai and cool subtropical Iwate
Fig. 5B) under ambient temperatures during grain ﬁlling, while
he associated yields belong to the highest attained at both loca-
ions (Fig. 2A and Table 4) due to this genotype’s wide adaptive
apacity. TA could meet the grain amylose content that is needed
or a favourable end-usequalitywith little yield loss comparedwith
ther genotypes.
. Conclusions
Variations in rice yields under givenmanagement in contrasting
gro-ecological environments were mainly the result of differ-
nces in climatic conditions rather than in genotypic traits. The
ndica× japonica hybrid TA showed a better ability to adapt to both
ool and warm agro-climatic conditions than the indica genotype
R and the japonica genotypes that only performed well in warm
nd cool environments, respectively. Crop yields were much lower
n tropical than in subtropical regions for all genotypes as a con-
equence of both low biomass production and low HI, resulting
rom a fast crop phenological development that restricted light
apture. Environments with lower temperatures and less radia-
ion, as at Iwate (Japan), may also restrict biomass production due
o a retarded leaf development and a reduced light-use efﬁciency
LUE). Favourable subtropical conditions like at Taoyuan (China)
[
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resulted inhigh-yielding crops that showedahigh LUEafter ﬂower-
ing. PTQ, reﬂecting the pre-anthesis growing conditions, is a strong
determinant of yield formation.
Genotypic differences explained 68% of amylose variationwhile
grain amylose content was linearly and inversely correlated with
the average post-anthesis ambient temperature. Genotypes with
wide adaptation ability, such as hybrid TA, may combine high yield
with favourable amylose contents and high protein contents.
Our study shows that there are considerable risks of yield penal-
ties on growing rice cultivars in environments towhich they are not
adapted. Temperature is a strongdriving force for development and
growth, affecting biomass production, reproductive capacity, grain
yield and grain quality. Climate change is associated with rising
temperatures and therefore current rice cultivars may need to be
replaced with cultivars that have more appropriate thermal time
requirements for given conditions [51]. Developing new cultivars
that perform over a wide range of environmental conditions may
improve theability of rice to adapt toweather conditions associated
with climate change.
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